Background: CD47-SIRP␣ immunoregulatory pathway is an attractive clinical target. Results: "Velcro" engineering enabled the creation of high affinity CD47 ectodomain that exquisitely targets myeloid cells to potentiate antibody-dependent cellular phagocytosis. Conclusion: "Velcro" engineering is a powerful tool to enhance protein-protein interactions; Velcro-CD47 could be an adjuvant for cancer immunotherapy. Significance: This study demonstrates a new general affinity maturation approach, which led to an appealing preclinical immunotherapeutic lead.
neuronal cells (16) . SIRP␣ is a highly polymorphic (17) transmembrane protein with three N-terminal extracellular IgSF domains and a long C-terminal intracellular domain consisting of two putative immunoreceptor tyrosine-based inhibition motifs (9, 18) . The x-ray crystal structure of a complex of SIRP␣ domain 1 and CD47 ECD revealed an unexpected binding mode between the IgSF domains of the two proteins (19) . The N-terminal IgSF-domain of SIRP␣ interacts with the CD47 IgSF domain via its complementarity determining region-like loops, resembling an antibody-antigen recognition mode. In contrast, the residues on CD47 that contact SIRP␣ are located on one face of the CD47 AGFCCЈCЉ ␤-sheet (19) . A notable interaction hot spot residue is the N-terminal pyroglutamate, which is spontaneously cyclized from a glutamine residue upon the cleavage of the CD47 signal sequence (19) . CD47 binding to SIRP␣ prompts the recruitment of SHP-1 and SHP-2 phosphatases (20) , which in turn result in myosin-IIA dephosphorylation and inhibition of phagocytosis (10) .
Although all normal cells express anti-phagocytic signals such as CD47 to maintain tissue homeostasis, cancer cells upregulate CD47 as a means to evade destruction by the immune system (9, 13) . There has been recent interest in blocking CD47-SIRP␣ interaction to restore macrophages to a prophagocytic state in cancer. For instance, the anti-CD47 monoclonal antibody (mAb) B6H12 blocks SIRP␣ binding to CD47, and it has shown pre-clinical efficacy in several hematologic malignancies and solid tumor models (4 -7, 21) . In addition, we have previously engineered a high affinity soluble variant of SIRP␣ IgSF domain 1, termed CV1 (22) . CV1 exhibits similar efficacy as the anti-CD47 antibody in several cancer model systems, but with potentially enhanced tissue penetrance and decreased toxicity by the virtue of being a small monomeric protein (ϳ14 kDa) that lacks fragment crystallizable (Fc) effector functions. Both strategies exhibit remarkable synergy with existing tumor-specific mAbs to enhance macrophage-mediated, antibody-dependent cellular phagocytosis (ADCP) of tumor cells. However, the broad expression of CD47 causes both strategies to have a large antigen sink that reduces bioavailability and increases the potential for on-target toxicity to normal cells.
An alternative to targeting CD47 is to target SIRP␣. Indeed, antagonistic anti-SIRP␣ antibodies that significantly enhance in vitro antibody-mediated killings of tumor cells by phagocytes have been generated to circumvent the potential issues associated with a large antigen sink (12) . One potential limitation is that an antibody has poor tissue penetration into solid tumors due to its large size (23) , and tissue penetration in the case of targeting SIRP␣ expressed on tumor-infiltrated macrophages is critical for therapeutic efficacy. Perhaps a smaller version of an anti-SIRP␣ blocking agent could have benefits in this regard.
In this study, we aimed to engineer a soluble high affinity variant of human CD47 ECD that binds human SIRP␣ to turn off the don't-eat-me signal and thereby promote tumor clearance by macrophages. Blocking SIRP␣ targets a much more defined cell population than blocking CD47. In addition, compared with anti-SIRP␣ antibodies (12) , an engineered CD47-ECD may exhibit superior tissue penetrance, utilize the natural CD47-SIRP␣-binding site so that resistance mechanisms are difficult to evolve, and be suitable for further chemical manipulation in imaging applications. To this end, we have developed a novel protein-engineering technique, coined "Velcro" engineering, which increases affinity of receptor-ligand interactions by extending an existing contact interface via peptide extension at the N terminus. This approach should be quite general for affinity maturation of receptor-ligand interactions that are targets for therapeutic development.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Human SIRP␣ allele 1 domain 1 (a1d1), allele 2 domain 1 (a2d1), and CV1 were expressed as described previously (22) . Briefly, SIRP␣ variants were cloned into a modified pMal-p2X expression vector (New England Biolabs), containing a 3C protease cleavage site (LEV-LF(Q/G)P) after the maltose-binding protein tag and a C-terminal His 8 tag, and were expressed in the periplasm of BL-21(DE3) Escherichia coli. Cells were induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside and incubated with shaking at room temperature overnight. Maltose-binding protein-fusion protein was purified by nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen) and then digested with 3C protease (produced in house) at 4°C overnight to remove the maltosebinding protein tag. SIRP␣ proteins were further purified by Ni-NTA affinity chromatography, followed by size exclusion chromatography using a Superdex-75 column (GE Healthcare).
Human CD47 IgSF domain (residues 1-117) and high affinity Velcro-CD47 variants, both with a C15G mutation (19) and C-terminal His 8 tag, were cloned into pAcGP67a using Gibson assembly (24) to remove the N-terminal scar from restriction enzyme digestion of the plasmid, ensuring a free N terminus. The plasmids were transfected into Trichoplusia ni (High Five) cells (Invitrogen) using the BaculoGold baculovirus expression system (BD Biosciences) for secretion and purified by Ni-NTA and size exclusion chromatography with a Superdex-75 column.
Biotinylated CD47 and SIRP␣ variants were expressed with a C-terminal biotin acceptor peptide tag (GLNDIFEAQKIE-WHE) and purified as described above. The purified proteins were biotinylated in vitro with BirA ligase and then re-purified from the reaction mixture by size exclusion chromatography.
For profiling human peripheral blood, CV1 A17C and N3612 F14C were expressed and purified as described above to allow site-specific conjugation via maleimide linking chemistry. The proteins were conjugated to Alexa Fluorophore 647 (A647) maleimide (Life Technologies, Inc.) according to the manufacturer's protocol and re-purified from the reaction mixture by size exclusion chromatography.
For in vitro phagocytosis assays, endotoxin was removed using Triton X-114 as described previously (22) , and endotoxin removal was confirmed using the ToxinSensor Chromogenic LAL endotoxin assay kit (Genscript).
Yeast Display and Construction of the CD47 Extension Library-The human CD47 IgSF domain, with a C15G mutation (25) , was displayed on the surface of Saccharomyces cerevisiae strain EBY100 as an N-terminal fusion to Aga2 using the pYAL vector (26), leaving a free N terminus.
To construct the CD47 extension library, the mutagenized CD47 DNA constructs from N3L0, N3L2, and N3L4 molecule designs were mixed and combined with linearized pYAL vector and EBY100 yeast. The N3L0 molecule design extends the N terminus by three additional residues and randomizes Gln-1, Leu-3, Gly-52, Ala-53, and Leu-54. The N3L2 molecule design extends the N terminus by three additional residues, extends the FG loop region by two additional residues, and randomizes Gln-1, Leu-3, Gly-52, Ala-53, and Leu-54. The N3L4 molecule design extends the N terminus by three additional residues, extends the FG loop region by four additional residues, and randomizes Gln-1, Leu-3, Gly-52, Ala-53, and Leu-54.
The NNK codon was used at all of the positions randomized and/or extended. Electroporation, rescue, and expansion of the yeast library were performed as described previously (27) . Final library contained ϳ3 ϫ 10 8 yeast transformants.
Selection of the CD47 Extension Library-The selections of the yeast library were performed as described previously with some modifications (22) . Briefly, the initial selections (rounds 1-3) were conducted using a magnetically activated cell sorter (MACS). For round 1, 1.0 ϫ 10 9 cells were selected with paramagnetic streptavidin microbeads (Miltenyi Biotec) that were pre-coated with 400 nM biotinylated SIRP␣ a2d1. For rounds 2 and 3, 1.0 ϫ 10 8 yeasts were stained and selected with 100 nM monomeric biotinylated SIRP␣ a2d1. To normalize apparent affinity by protein expression on the cell surface, library selection was performed using two-color fluorescence activated cell sorting (FACS) in the subsequent rounds. After incubation with target protein during each subsequent round, the yeast library was washed twice and co-labeled with streptavidin-Alexa Fluor 647 (SIRP␣ binding) and anti-c-Myc-Alexa Fluor 488 (CD47 variant expression) for 10 min at 4°C. Alexa647 ϩ Alexa488 ϩ yeast were purified using a FACS Jazz cell sorter (BD Biosciences). For round 4, the yeast library was stained using 10 nM monomeric biotinylated SIRP␣ a2d1 for 1 h at 4°C. For round 5, the yeast library was incubated with 200 nM biotinylated SIRP␣ a1d1 for 1 h at room temperature, washed twice with PBE (PBS, pH 7.4, ϩ 0.5% (w/v) BSA ϩ 2 mM EDTA, pH 8.0), and competed with 1 M unbiotinylated SIRP␣ a1d1 for 4 h at room temperature. For round 6, the yeast library was stained with 1 nM SIRP␣ a1d1 for 1 h at 4°C.
After the sixth round of selection, 100 l of the yeast library, which was expanded in SD-CAA medium overnight, was collected to extract library DNA using the Zymoprep TM Yeast Plasmid Miniprep II kit (Zymo Research), according to the manufacturer's instructions. The extracted DNA was transformed into DH5␣ E. coli and plated to sequence individual colonies.
Modeling SIRP␣-N3612 Complex-The N-terminal extension ("Velcro") of N3612 was built onto the structure of the SIRP␣-CD47 complex downloaded from the RCSB Protein Data Bank (Protein Data Bank code 2JJS) (19) using PyMOL Version 1.7.0.5 (Schrödinger, LLC) and Coot (28) . The structure was then energy-minimized for 1000 cycles using the crystallography and NMR system (CNS) (29, 30) .
Surface Plasmon Resonance-The binding affinity and kinetics were measured using a BIAcore T100 (GE Healthcare). Protein concentrations were quantified by 280 nM absorbance using a Nanodrop2000 spectrometer (Thermo Scientific).
Biotinylated SIRP␣ a1d1 and a2d1 was immobilized on a BIAcore SA sensor chip (GE Healthcare) in different flow channels with an R max ϳ150 and ϳ130 response units, respectively. An unrelated biotinylated protein was captured in another flow channel with a similar response unit value to control for nonspecific binding. Experiments were carried out at 25°C, and measurements were made with serial dilutions of CD47 variants in HBS-Pϩ buffer (GE Healthcare) supplemented with 0.1% (w/v) BSA. All data were analyzed with the BIAcore T100 evaluation software version 2.0 with a 1:1 Langmuir binding model.
Cell-based SIRP␣ Blocking Assay-Biotinylated wild-type CD47 was incubated with A647-conjugated streptavidin for 15 min at room temperature to form CD47 tetramers. Labeled human (for human cells) or mouse (for mouse cells) CD47 tetramers at 100 nM were combined with serial dilutions of unlabeled CD47 variants and simultaneously added to stain undifferentiated THP-1, human macrophages, or NSG (NOD scid ␥) splenocytes. Cells were incubated for 1 h at 4°C and then washed with PBE to remove unbound proteins. Samples were analyzed on an Accuri C6 flow cytometer (BD Biosciences). Data represent the mean fluorescence intensity normalized to maximal binding for each class of reagents, and points were fit to sigmoidal dose-response curves using Prism 5 (GraphPad).
In Vitro Macrophage Phagocytosis-Macrophage derivation and phagocytosis experiments were conducted as described previously (22) . Briefly, human macrophages were isolated from leukocyte reduction system chambers (Stanford Blood Center) using anti-CD14 whole blood magnetic beads (Miltenyi Biotec) and purified with autoMACS Pro Separator (Miltenyi Biotec). The cells were cultured in Iscove's modified Dulbecco's medium ϩ GlutaMAX (Life Technologies, Inc.) supplemented with 10% human antibody serum (Invitrogen) for 7-10 days. Assays were performed by incubation of macrophages with GFP ϩ tumor cells at a 1:2 ratio in serum-free medium at 37°C for 2 h. Phagocytosis was analyzed using an LSRFortessa cell analyzer with a high throughput sampler (BD Biosciences) and evaluated as the percentage of GFP ϩ macrophages using FlowJo Version 9.4.10 (Tree Star, Inc.). The data were normalized to the maximal response by each independent donor against each cell line and were fit to sigmoidal dose-response curves using Prism5 (GraphPad).
Human Immune Cell Profiling-The CD47 and SIRP␣ expression profile on various blood cell populations was determined by multicolor flow cytometry. A human buffy coat was obtained from Stanford Blood Center and treated with ACK lysing buffer (Life Technologies, Inc.) to remove red blood cells (RBCs). Cells (1 ϫ 10 6 /well, 100 l) were stained with markers
in PBS containing 2% human serum and 0.1 mg/ml mouse serum IgG as described previously (31) . RBCs (CD235a ϩ ) were stained directly from freshly isolated heparinized human whole blood (Stanford Blood Center). Dead cells were excluded by propidium iodide (Life Technologies, Inc.) staining, and single "Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism cells were selected based on SSC and FSC properties. The fluorescence minus one method was used to determine the threshold of negative versus positive staining. The samples were costained with anti-CD47 (high affinity SIRP␣ CV1) or anti-SIRP␣ (high affinity CD47 N3612, 15-414, REA144, SE5A5) agents. CV1-A647 and N3612-A647 were used at 250 nM. Anti-SIRP␣ clone 15-414 (eBioscience), clone REA144 (Miltenyi), and clone SE5A5 (BioLegend) were used at 1:50 dilution. All analyses were performed on LSRFortessa cell analyzer with high throughput sampler (BD Biosciences), and data were analyzed with FlowJo software (Tree Star, Inc.).
RESULTS
"Velcro" Engineering of Human CD47 to Generate High Affinity CD47 Variants-The use of wild-type (WT) human CD47-ECD as a human SIRP␣ antagonist is limited by the relatively low affinity interaction (ϳ0.5 M) between CD47 and SIRP␣ ( Fig. 5B) (19) . To address this limitation, we used in vitro evolution via yeast surface display (27) to increase the affinity of CD47 for SIRP␣, thereby increasing the potency of CD47 as a SIRP␣ antagonist to modulate macrophage recognition and elimination of cancer cells (Fig. 1A) . WT CD47-ECD has a free, unpaired cysteine at position 15 that may contribute to undesirable disulfide aggregates in solution or when displayed on the surface of yeast. Therefore, we mutated Cys-15 to Gly (19), for all experiments described herein, and refer to CD47 C15G as WT CD47 for simplicity. Functional WT CD47-ECD was displayed on the surface of S. cerevisiae as an N-terminal fusion to Aga2, leaving a free N terminus to ensure the formation of the required pyroglutamate residue (data not shown). Several mutant libraries were subsequently created by structureguided, site-directed mutagenesis of the contact interface as well as hydrophobic residues that directly support the contact interface ( Fig. 2A ). Successive rounds of selections with increasing stringency (Fig. 2B ) resulted in the convergence of the libraries to only three unique clones (Fig. 2C ). However, affinity estimation via on-yeast binding titration curves indicate that these CD47 variants had the same EC 50 values as WT CD47 but with a significantly higher level of maximal binding to SIRP␣ on yeast ( Fig. 2D ). This suggests that the selection process had enriched for clones with increased and/or more stable yeast surface expression rather than higher affinity for SIRP␣. Two additional libraries were created using a more conservative "soft" randomization-directed mutagenesis approach or a random mutagenesis by error-prone PCR. However, neither approach resulted in CD47 variants with high affinity binding to SIRP␣ (data not shown). We speculate that this may be because SIRP␣ has a rather recessed binding site that accommodates the bullet-like tip of CD47, rendering CD47 a suboptimal interface for engineering. Moreover, CD47 binds to SIRP␣ with structurally rigid ␤-sheets that may be less amenable to affinity modulation than loops protruding from the tips of the sheets, as seen in SIRP␣.
The lack of success using traditional interface targeting engineering methods is a rather common problem in evolving protein-protein interactions and can be attributed to factors such as interface shape and the nature of the contact residues within the binding interface, as well as other unknown factors. Recent work by Chen et al. (32) has shown a positive correlation between binding affinity and the buried surface area at proteinprotein interfaces. We therefore explored the possibility of "artificially" increasing the buried surface area between CD47 and SIRP␣ as a means of increasing affinity. We applied two methods to increase the interaction surface by inspection of the CD47-SIRP␣ co-crystal structure (19) . One approach, which we term "Velcro" engineering, was to extend the N terminus of CD47, which may thread itself through a tunnel-like depression formed by residues from Tyr-50 to Thr-67 on SIRP␣ (Fig. 3A , black arrow). The other approach was to insert additional residues to extend the FG loop region at position 52, which may allow CD47 to reach up and form additional contacts with SIRP␣ ( Fig. 3A, red arrow) . This method resembles antibody complementarity-determining region-loop engineering to gain affinity (33, 34) .
To construct the extension library, we added three amino acids to the N terminus of CD47 and either 0, 2, or 4 amino acids to the tip of the CD47 FG loop. The additional residues were randomized via degenerate NNK codons, allowing all 20 amino acids to be sampled at each position. In addition, we randomized Gln-1, Leu-3, Gly-52, Ala-53, and Leu-54 via degenerate NNK codons as these residues are in close proximity to the CD47-SIRP␣ binding interface and regions where the various amino acid extensions were installed (Fig.  3B ).
The resulting library was subjected to six rounds of selection using the two most prominent human SIRP␣ alleles (17), allele 1 domain 1 (a1d1) and allele 2 domain 1 (a2d1) as bait ( Fig. 4A ). With each successive round of selection, we decreased the bait concentration to increase selection stringency and alternated the SIRP␣ allele used for selections to evolve a CD47 variant that cross-reacts with both alleles. In the final rounds of selection, we used a competition-based selection strategy (35) , where rebinding of labeled SIRP␣ was prevented by the addition of a large excess of "cold" or unlabeled SIRP␣ to enrich for variants with slow dissociation rates. This selection strategy resulted in a progressive increase in binding affinity and disso- "Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism MAY 15, 2015 • VOLUME 290 • NUMBER 20
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ciation half-life for both SIRP␣ alleles (Fig. 4B ). Twenty four individual clones were sequenced after the last round of selection, and 17 unique CD47 sequences were identified (Fig. 4C) . The amino acid sequence was numbered such that the three additional residues at the N terminus were labeled Ϫ3, Ϫ2, and Ϫ1 for the first, second, and third residues, respectively, and the native N terminus remained position number 1.
Although the library was still diverse after six rounds of selection, an emerging consensus sequence was apparent. Tryptophan and glutamine residues are absolutely conserved at positions Ϫ3 and Ϫ2, respectively. Furthermore, there is at least one proline residue at positions Ϫ1 or 1. We speculate that this proline residue serves as a molecular kink that stabilizes the "Velcro" peptide in the groove on SIRP␣ and/or as a structural mimetic for the pyroglutamate (36, 37) that is necessary for the CD47-SIRP␣ interaction. Moreover, we found that the internal loop region preferred its original length and that it is indifferent to mutations because no clear consensus sequence emerged (Fig. 4C) . These findings suggest that the gain in affinity is a result of the N-terminal extension, and we coined this approach "Velcro" engineering because the three extended amino acids at the N terminus presumably act like a hook, which we have modeled extending into the cleft adjacent to Glu-54 of SIRP␣ (Fig. 4D ). Unfortunately we have not been able to crystallize the "Velcro" complex, but it is plausible that the N-terminal exten-sion would simply fill the hydrophobic cavity immediately adjacent to the CD47 N terminus.
Velcro-CD47 Binds with High Affinity to Human SIRP␣ Alleles-Although SIRP␣ is highly polymorphic (17) , amino acid sequence alignment of the known human SIRP␣ alleles shows that there are only two unique sequences, represented by alleles a1d1 and a2d1 at the CD47 binding interface (Fig. 5A) . WT CD47-ECD binds with similar affinities to all known human SIRP␣ alleles (25) . Therefore, we expect that an engineered CD47 variant that binds with high affinity to both SIRP␣ a1d1 and a2d1 will also bind with high affinity to all other human SIRP␣ alleles, as long as the WT binding interface is preserved. To assess the enhancement of binding affinity of the Velcro-CD47s compared with WT CD47, we used surface plasmon resonance to measure their differential binding properties for human SIRP␣ a1d1 and a2d1. Biotinylated SIRP␣ alleles were immobilized on the surface of a sensor chip, and soluble CD47 variants were passed over as analytes. Consistent with previous reports, WT CD47 binds SIRP␣ a1d1 and a2d1 with an affinity of 290 and 480 nM, respectively ( Fig. 5B) (19, 25) . In contrast, a representative high affinity CD47 variant N3612 binds SIRP␣ a1d1 and a2d1 with an affinity of 370 pM and 2.5 nM, respectively, corresponding to a 200 -800-fold increase in affinity for both alleles (Fig. 5B ). The increase in affinity is primarily due to the significantly slower off-rate of N3612 (Table  1) , as expected based on the selection strategy used. Left, crystal structure of SIRP␣ (green) and CD47 (magenta) is shown in cartoon representation. Amino acid positions randomized in the libraries are highlighted and shown in sphere representation. CD47 is divided into three different patches as follows: core (cyan), contact region 1 (gray), and contact region 2 (orange). Randomizing combinations of these three patches created multiple CD47 libraries that were selected independently for the first three rounds but mixed to select as a single library on the last round of selection. Middle right, tables of randomized positions with possible amino acid variations and the corresponding degenerate DNA codons (noted in the parentheses). a.a., amino acid. B, schematics of the criteria at each round of CD47 library selections. MACS, magnetic activated cell sorting; FACS, fluorescence activated cell sorting; and SA, streptavidin. C, summary of sequences of selected CD47 variants. The position of mutated residues and their corresponding sequence in WT is denoted at the top of the table. D, binding titration curves of SIRP␣ a2d1 on yeast expressing WT CD47 (black) or selected variant A9 (yellow), B4 (blue), or C1 (green). Cells were stained with serial dilutions of biotinylated SIRP␣ a2d1 and analyzed by flow cytometry. Data represent raw (top) or normalized (bottom) mean fluorescence intensity Ϯ S.E. Data are representative of two independent experiments. a.u., arbitrary units. "Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism MAY 15, 2015 • VOLUME 290 • NUMBER 20
JOURNAL OF BIOLOGICAL CHEMISTRY 12655

Velcro-CD47 Potently Antagonizes the SIRP␣-CD47 Interaction on Human SIRP␣-but Not Mouse SIRP␣-expressing Cells-
We evaluated the ability of soluble high affinity CD47-ECD variants to antagonize cell surface SIRP␣ using an in vitro competition assay. Monomeric N3612 potently inhibits tetrameric WT human CD47 binding to human SIRP␣ expressed on the surface of undifferentiated human THP-1 leukemia cells and primary human macrophages, with an IC 50 of ϳ12 and 65 nM, respectively (Fig. 5C, panels i and ii) . In contrast, monomeric WT human CD47 is a weak antagonist of the SIRP␣-CD47 axis (Fig. 5C, panels i and ii) , as expected given the low affinity of WT human CD47 for SIRP␣. This indicates that affinity enhancement through "Velcro" engineering is a viable strategy to engineer CD47-based antagonists of cell surface SIRP␣.
We also determined the ability of WT human CD47 and N3612 to antagonize the mouse SIPR␣-CD47 interaction using splenocytes prepared from NSG (NOD scid ␥) mice. NSG mice express the same SIPR␣ allele as the NOD mouse, which is known to support the engraftment of human hematopoietic stem cells due to enhanced binding to human CD47 compared with other mouse strains (17) . Although both WT human CD47 and N3612 antagonize the mouse SIPR␣-CD47 interaction, the potency of N3612 is substantially less than that of WT CD47, with an IC 50 of ϳ 3 M and 40 nM, respectively (Fig. 5C ). Given Positions Ϫ3, Ϫ2, and Ϫ1 denote the "Velcro" residues added to the N terminus. Red text indicates the consensus mutations. D, model of SIRP␣-N3612 complex. The structure was modeled using the WT complex structure with PyMOL and Coot and then energy-minimized for 1000 cycles using crystallography and NMR system. SIRP␣ (green) is shown in surface representation. CD47 (magenta) is shown in ribbon representation, and the mutations (cyan) present in N3612, including the "Velcro", are shown in stick representation.
"Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism FIGURE 5 . Biophysical characterization of Velcro-CD47. A, amino acid sequence alignment of known human SIRP␣-binding domain alleles, showing that there are only two variations, a1d1 or a2d1, at the CD47-contact interface. Red text marks the amino acid sequence of V1 (a2d1), the most prominent human SIRP␣ allele, and blue text marks that of V2 (a1d1), the second most prominent human SIRP␣ allele. The black boxes indicate the residues that interact with CD47, and the pale orange shade indicates residues that are different from the V1 sequence. B, representative surface plasmon resonance sensorgrams of WT CD47 and high affinity variant N3612 binding to immobilized SIRP␣ a1d1 (upper panel) and a2d1 (lower panel). RU, response unit. C, dose-response curves of SIRP␣ antagonism on panel i, undifferentiated THP-1; panel ii, primary human macrophages; and panel iii, NSG splenocytes with WT human CD47 (blue) and high affinity CD47 variant N3612 (red). Cells were stained with titrating concentrations of SIRP␣ blocking agents in competition with 100 nM Alexa Fluor 647conjugated WT human CD47 tetramer for THP-1 cells and human macrophages or WT mouse CD47 tetramer for NSG splenocytes. Data represent mean fluorescence intensity normalized to maximal binding for each cell type Ϯ S.E. of triplicate wells. Data are representative of two independent experiments. the weak potency, we do not expect N3612 to have therapeutic activity in mice. Future studies using human SIRP␣ transgenic mice (38) are necessary to determine the ability of N3612 to potentiate ADCP and tumor clearance in vivo.
Velcro-CD47 Enhances Monoclonal Antibody-mediated ADCP-Next, we assessed the ability of N3612 to potentiate macrophage phagocytosis of tumor cells in vitro in comparison with a high affinity variant of SIRP␣, termed CV1, which exhibits this property. Primary human macrophages were incubated with target tumor cells and various combinations of tumorspecific mAbs and CD47 or SIRP␣ antagonists, and phagocytosis was quantified by flow cytometry (22) . Similar to the CD47 antagonist CV1 (22) , treatment with the SIPR␣ antagonist N3612 alone does not induce phagocytosis of cancer cells by macrophages compared with a PBS control (Fig. 6 ). This is expected given the absence of a pro-phagocytic signal to initiate macrophage phagocytosis of tumor cells, such as an antibody Fc domain (12, 22) . Treatment with the anti-tumor mAbs rituximab, trastuzumab, and cetuximab significantly increased macrophage phagocytosis of Raji, SKBR3, and DLD-1 tumor cells, respectively, compared with no treatment or treatment with CD47 or SIRP␣ antagonists alone (Fig. 6 ). Both CV1 and N3612 synergize with the mAbs to increase phagocytosis of cancer cells (Fig. 6, A-C) , in agreement with previous reports (22) . Similar to CV1, N3612 significantly increases the maximal potency of macrophage-mediated ADCP, whereas WT CD47 has little to no effect on ADCP, likely due to its weak affinity for SIRP␣ (Fig. 6, D and E) . Collectively, our data indicate that SIPR␣ antagonist N3612 is an effective alternative to CD47 antagonists to potentiate ADCP.
Velcro-CD47 Specifically Targets a Subset of Myeloid-derived Cells in Human Blood-CD47 is expressed on nearly all cell types in the body, whereas SIRP␣ expression is mainly limited to cells of the myeloid lineage and of the central nervous system. This widespread distribution of CD47 raises potential safety issues with the use of CD47 targeted therapeutics (12) . We used ex vivo profiling of human peripheral blood mononuclear cells to predict the in vivo antigen sink and other potential toxicity SKBR3 breast cancer (B) , and DLD-1 colon cancer (C) cells by donor-derived human macrophages with or without 10 g/ml respective tumor-specific mAbs in the presence of PBS (blue), WT CD47 (maroon), N3612 (gray), and CV1 (green). D and E, phagocytosis of GFP ϩ SKBR3 breast cancer (D) and DLD-1 colon cancer (E) cells with titrating amounts of respective tumor-specific mAbs in the presence of the same protein treatments as in A-C. The proteins were used at 1 M. A-E, all phagocytosis was performed with human macrophages derived from a minimum of two independent blood donors; data are representative of at least two independent experiments. Data represent the percentage of phagocytosis normalized to the maximal response by each donor for each cell line Ϯ S.E. of duplicate wells. ns, not significant; **, p Ͻ 0.01; ***, p Ͻ 0.001, by one-way analysis of variance test. "Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism concerns due to indiscriminate target cell binding. To facilitate the profiling, we reformatted N3612 as a diagnostic agent by installing a cysteine mutation at the loop distal to the SIRP␣binding site, F14C (Fig. 7A ). N3612-F14C was site-specifically coupled to A647 using maleimide chemistry and behaved as a monodisperse peak over a Superdex-75 size exclusion column (Fig. 7B) . The purified N3612 F14C-A647 was active and bound to both SIRP␣ alleles with similar affinity as biotinylated N3612 without the F14C mutation (Fig. 7, C and D) . We also used a similar approach to conjugate the fluorophore to the high affinity SIRP␣ variant CV1 (data not shown). Subsequently, cell types of the immune system in the blood were identified using multicolor FACS analysis. After selecting live singlet cells, the gating strategy for lymphoid lineages (Fig. 8A) is as follows. 1) For T cells, the CD3 ϩ fraction was subdivided into CD4 ϩ and CD8 ϩ fractions to differentiate helper and cytotoxic T cells, respectively. 2) CD19 ϩ CD20 ϩ marked the B cell subpopulation. 3) Lin Ϫ CD16 ϩ CD56 ϩ , where Lin Ϫ markers included CD3, CD14, and CD19, was used to detect NK cells. In addition, we identified FSC hi SSC med CD14 ϩ , SSC hi CCR3 Ϫ CD16 ϩ , SSC hi CCR3 ϩ CD16 Ϫ , and Lin Ϫ CCR3 ϩ CD123 ϩ as blood monocytes, neutrophils, eosinophils, and basophils, respectively (Fig. 8, B and C) . Finally, we used CD235a ϩ marker to label red blood cells (Fig. 8D) . These samples were simultaneously co-stained with CV1-A647, N3612-A647, or three commercially available anti-SIRP␣-APC mAbs. CV1-A647 strongly stained all cell types in the blood, in agreement with the widespread expression of CD47 (Fig. 8E , supplemental Fig. S1, and Table 2 ). In contrast, N3612-A647 staining profile was consistent with anti-SIPR␣ antibody clone 15-414. They labeled only monocytes and, to a lesser extent, neutrophils, as expected given the restricted distribution of SIRP␣ compared with CD47 ( Fig. 8E, supplemental Fig. S1 , and Table 2 ). The binding profile of the other anti-SIPR␣ antibody clones, SE5A5 and REA144, showed higher staining for many different cell subpopulations, likely due to increased levels of non-SIRP␣-specific binding (Fig. 8E, supplemental Fig. S1 , and Table 2 ). One notable difference in the anti-CD47 (CV1 and other anti-CD47 antibodies) and the anti-SIRP␣ (N3612) approaches is that the former targets red blood cells (RBCs) and may induce RBC clearance and associated toxicity. Because of the enhanced specificity and reduced indiscriminate cell binding, we anticipate that the N3612 could be an alternative, less toxic adjuvant to anti-CD47 mAb or CV1 for cancer immunotherapy.
DISCUSSION
The CD47-SIRP␣ immunoregulatory axis is increasingly recognized as an attractive clinical target for cancer immunotherapy (8, 21, 39) . Current approaches to antagonize the CD47-SIRP␣ interaction have principally targeted CD47 (4, 5, 22) , which is widely distributed, raising concerns with bioavailability and potential on-target toxicity to normal cells. Alternative agents such as anti-SIRP␣ antibodies have also been developed and show promise as substitutes to anti-CD47 treatment (12) . Nevertheless, antibodies have poor tissue penetration, especially into solid tumors due to their large molecular weight (23) . Here, we report a high affinity variant of human CD47-ECD (N3612) that is a small protein capable of greater tissue penetrance without the potential toxicity associated with Fc effector functions and that potently binds to SIRP␣, which has limited tissue distribution. "Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism MAY 15, 2015 • VOLUME 290 • NUMBER 20 FIGURE 8 . Human cell immunophenotyping and reactivity with CD47/SIRP␣ antagonists via flow cytometry. A, gating strategy to identify B cell, CD4-T cell, CD8-T cell, and NK cell subpopulations. B cells ϭ CD19 ϩ CD20 ϩ ; CD4 T cells ϭ CD3 ϩ CD4 ϩ ; CD8 T cells ϭ CD3 ϩ CD8 ϩ ; NK cells ϭ CD3 Ϫ CD14 Ϫ CD19 Ϫ CD16 ϩ CD56 ϩ . B, gating strategy to identify monocytes. Monocytes ϭ FSC hi CD14 ϩ . C, gating strategy to identify neutrophils, eosinophils, and basophils. Neutrophils ϭ CD3 Ϫ CD14 Ϫ CD19 Ϫ CD56 Ϫ SSC hi CCR3 Ϫ ; eosinophils ϭ CD3 Ϫ CD14 Ϫ CD19 Ϫ CD56 Ϫ SSC hi CCR3 ϩ ; basophils ϭ CD3 Ϫ CD14 Ϫ CD19 Ϫ CD56 Ϫ SSC lo CD123 hi CCR3 ϩ . D, gating strategy to identify red blood cells. RBC ϭ CD235a ϩ . E, heat map representation of percentage of human peripheral blood cells positively stained with the indicated agent/clone targeting either SIRP␣ (N3612, 15-414, SE5A5, and REA144) or CD47 (CV1). FMO, fluorescence minus one. N3612 and CV1 proteins were used at 250 nM, and the anti-SIRP␣ antibodies were used at 1:50 dilution.
Insights into the Mechanism of SIRP␣ Activation-One potential pitfall of our approach using a soluble high affinity CD47 variant as a competitive SIRP␣ antagonist was that CD47 is the natural agonist of SIRP␣. If high receptor occupancy were sufficient to induce SIRP␣ signaling, we would observe inhibition of phagocytosis. Instead, our results indicate that a single CD47 binding event inhibits SIRP␣ signaling, which results in the potentiation of phagocytosis (Fig. 6 ). This implies that there must be other mechanisms necessary for induction of SIRP␣ activation. One possibility is receptor clustering or dimerization. This model is supported by experiments showing treatments of soluble CD47-Fc, and higher avidity fusion proteins are capable of reducing phagocytosis of porcine cells by human macrophages in vitro (40) and dampening the production of several inflammatory cytokines by SIRP␣ ϩ dendritic cells in the Crohn disease model in vivo (41) . Another possible mechanism of SIRP␣ activation is mechano-transduction by virtue of a vectorial force exerted during a cell-cell interaction (42) . This model is consistent with the observations that CD47 expression on the target cells is critical for their evasion from macrophage phagocytosis (40) and that signal activation of SIRP␣ has only been directly observed by co-culturing macrophages with red blood cells (9, 10, 43) or beads bearing recombinant CD47 (10, 44) . Collectively, then, activation of SIRP␣ by CD47 in vivo probably requires some degree of clustering as well as formation of a cell-cell junction.
Velcro-CD47 in Clinically Relevant Applications-Our results show that Velcro-CD47 N3612 broadly enhances the effectiveness of tumor-specific antibodies ( Fig. 6 ) and specifically targets the monocyte subpopulation (Fig. 8 ). This warrants further evaluation of its efficacy and safety as an immunotherapeutic agent for cancer in pre-clinical and clinical models.
Furthermore, the ability to image tissue macrophages is of immense clinical and research interest because maladaptive macrophages participate in a number of inflammatory and autoimmune diseases such as inflammatory bowel disease (45), rheumatoid arthritis (46) , obesity (47) , and diabetes (48) . Current methods mostly involve using targeted or nontargeted nanomaterials, but the metabolic processing of many of these nanoparticles is not fully understood (49, 50) . Nano-medicine also faces challenging manufacturing processes, requiring a large number of optimization trials to develop a procedure with consistency and reproducibility (50) .
Velcro-CD47 N3612 presents a potential alternative macrophage-tracking agent. We show that N3612 only stains the blood monocytes and neutrophils ( Fig. 8) and that it can be site-specifically conjugated and purified with ease, resulting in a collection of uniform imaging agents ( Fig. 7) . Furthermore, as a small ϳ15-kDa protein, N3612 may be easily removed by the renal excretory system (51) . These properties make Velcro-CD47 N3612 an appealing imaging agent for macrophages.
"Velcro" Engineering as a New Tool to Enhance Protein-Protein Interactions-Immunoreceptor-ligand interactions are currently active targets for therapeutic intervention, such as the "checkpoint" inhibitors anti-PD1 and anti-CTLA4 (52-54). These interactions are typically of low affinity, making a soluble receptor or ligand ECD antagonist approach ineffective in most cases. Although antagonistic antibodies can fulfill most of the desired functional requirements for therapeutic antagonism, the natural ligand or receptor ECDs do offer several advantages. First, the small ECDs are likely to have better tissue penetration for solid tumor applications. Second, patients are less likely to develop resistance through acquired mutations because this would also disrupt the natural receptor-ligand interaction in vivo. An unfortunate reality is that conventional interface-targeted affinity maturation approaches are unsuccessful for a variety of reasons, including the structural context of the interaction that is not tolerant to changes.
Random mutagenesis and site-directed mutagenesis of interface contact residues and/or residues that do not directly contact but contribute to the structural integrity of a protein-protein interface account for the success of a vast majority of protein engineering approaches to increase binding affinity for ligand-receptor interactions (22, (55) (56) (57) (58) . However, this was not the case with CD47 (Fig. 2) . The concept of an "affinity ceiling" for a protein-protein interaction has been documented for antibodies and T cell receptors in vivo (59 -61) , and we speculate that there is an analogous notion in vitro. Therefore, although a sizable number of protein-protein interfaces are amenable to in vitro manipulations to evolve artificially high affinity, some, such as CD47, are refractive to common affinity maturation techniques.
To address this limitation, we developed a new engineering approach to increase the affinity of CD47 for SIRP␣ by installing additional contact residues on its N terminus to increase affinity through expanding the existing interface, termed "Velcro" engineering. Using this approach, we extended the N terminus of CD47 by a small "Velcro" peptide of three amino acids in length (Fig. 3) . The "Velcro" strategy is highly efficient and has allowed us to generate a 200 -800-fold higher affinity clone in a single library ( Figs. 4 and 5 ). This methodology may be applicable to alternative receptor-ligand pairs that are difficult to affinity mature using techniques such as site-directed or random mutagenesis. It can also be a complementary approach to other systems that are amenable to classical affinity maturation "Velcro" Engineering of High Affinity CD47 for SIRP␣ Antagonism techniques. Our current finding expands the repertoire of protein engineering tools that can be used to increase the affinity of protein-protein and/or protein-peptide interactions.
